OBJECTIVE: To ascertain the extent to which relationships between obesity (OB) and blood pressure (BP) can be explained by an individual's leptin plasma levels. DESIGN: Pedigree-based cross-sectional study in an apparently healthy population of European origin. SUBJECTS: The study sample is comprised of 90 nuclear and more complex families totaling 210 male and 213 female subjects aged 18-75 y, randomly recruited in Bashkorstan Autonomic region, Russia. MEASUREMENTS: Various fatness and fat distribution traits (including nine circumferences (CRCs), and eight skinfolds (CKFs) by anthropometry), blood pressure, and plasma leptin levels (by ELISA kits). RESULTS: Adjustment for circulating leptin led to attenuation of the magnitude of correlations between OB and BP, regardless of trait pair and sex cohort. Some of these correlations became statistically nonsignificant. All familial effects were gone, and heritability estimates became virtually zero after adjustment of each of the OB traits and systolic blood pressure (SBP) in offspring for leptin values in parents. CONCLUSION: BP and OB covariation is substantially mediated by circulating leptin levels. As a result, body fat has only a weak independent effect on BP variation after adjustment for leptin levels. Our findings also strongly suggest that genetic variation in body mass index, SKFs, and even body CRCs, as well as of SBP is due to genetic variation of leptin. Genetic variation of diastolic blood pressure in the present sample, however, shared very little with that of leptin.
Introduction
Obesity (OB) is a serious health problem in industrialized countries and is an emerging epidemic of this new century. The National Center for Health Statistics reports that 61% of adults in the US are overweight (body mass index, BMI425 kg/m 2 ) and 26% are obese (BMI 430 kg/m 2 ). 1 No longer solely an affliction of Western society, OB has increased worldwide by 475% since 1980. 2 With over 1 billion people now overweight or obese, 3 the World Health
Organization has proclaimed this to be a global epidemic. Overweight and OB are far more than cosmetic problems; they are associated with increased risk for diabetes, hypertension, dyslipidemias, coronary heart disease, pulmonary diseases, osteoarthritis, and more. 4, 5 Adiposity is a multifactorial condition whose expression can be modulated by a number of factors including genetic influences, metabolic regulators, in particular, the adiposity hormones and environmental parameters such as dietary choices, physical activity, and smoking. Genetics, however, plays a principal role in determining body weight within a given environment, and there is strong evidence that key adiposity hormones control both how much is eaten and how much energy is expended. 6 Leptin is one of the major adipocyte hormones and a principal determinant of body weight regulation, energy metabolism, and the occurrence of obesity and related disorders in humans. 7 Its synthesis occurs in proportion to adipose cell size and number, and in response to acute stimuli. It is released into the blood and reaches its receptors in the brain via facilitated passage across the blood -brain barrier. In the arcuate nucleus of the hypothalamus, leptin binds to cytokine type I receptors. Activation of these receptors results in a reduction of food intake, which is mediated through various downstream mechanisms including neuropeptide Y (NPY) and a-melanocyte-stimulating hormone (a-MSH). 8, 9 In contrast to obese animal models with low leptin levels, overweight and obese humans typically have elevated leptin levels and resistance to leptin's activity, analogous to insulin resistance, this being suggested as a mechanism for the direct relationship between OB and leptin. Several studies have reported a strong relationship between leptin concentration and BMI (a surrogate for overall adiposity). [10] [11] [12] [13] [14] [15] [16] [17] [18] Moreover, the genetic studies revealed that the strong correlation between these two variables is a result of shared genetic sources (eg Kaprio et al
12
; Livshits et al 13 ). However, relatively few studies have examined the relation of regional fat distribution and leptin levels. Furthermore, OB and increased plasma leptin have also been correlated with elevated blood pressure (BP). [14] [15] [16] Several studies have consistently reported significantly higher leptin levels in patients with essential hypertension than in normotensive control subjects. 17, 18 Yet, the role of leptin in the pathogenesis of OB-related human hypertension remains undefined. That is, despite the growing body of data showing the association between leptin and OB as well as between OB and BP, the molecular mechanisms in the regulation of OB development with simultaneous BP progression are still unclear. In the present study, we attempt to ascertain the extent to which the relationships between OB and BP can be modified by an individual's leptin plasma levels. We also examine whether the phenotypic correlations between circulating leptin and OB, as well as between leptin and BP, in healthy individuals, are due to shared genetic or common environmental factors.
Materials and methods

Sample
We investigated 90 nuclear and more complex pedigrees totaling 210 male and 213 female subjects, aged 19-75 and 18-75 y, respectively. The sample contained 386 parents/ offspring pairs, 145 sibships with at least two sibs, and 81 spousal couples. Our subjects were selected randomly from several small villages in the Bashkortostan Autonomic Region, Russian Federation. The study population was ethnically Caucasian (Chuvashians) and characterized by a demographically stable structure with traditional relations between family members. Subjects who participated in the study had no chronic or acute infection, hematological or other metabolic diseases. They were not receiving prescription medication or nonsteroidal anti-inflammatory drugs on a regular basis or consuming vitamin, mineral, or other dietary supplements. A more detailed description of the sample is given by us elsewhere. 19 All participants signed an informed-consent document and the study was approved by the Tel Aviv University Ethics Committee.
Hormonal and biochemical markers measurement
We took venous blood samples after an overnight fast. Within 1 h of collection, samples were centrifuged to obtain plasma, frozen in aliquots and stored at À701C until analysis. The leptin plasma levels were measured by enzyme-linked immunoassay using a commercial kit (R&D systems, Minneapolis, MN, USA). The minimum detectable dose of leptin was less than 8 pg/ml. The intra-and interassay coefficient of variation was 4 and 6%, respectively. Also measured were the plasma levels of the sex hormones, testosterone (TESTO) and estradiol (ESTR). Further technical information on all assays used in this study were recently reported elsewhere.
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BP and OB characteristics measurement Consecutive BP measurements were taken on the left arm of each participant while in a seated position after a 10-min rest. With a standard mercury sphygmomanometer and stethoscope, the measurements were taken twice at 5-min intervals by the same nurse. 20 The average of the two BP Statistical and genetic analysis Basic descriptive statistics, including mean7standard deviation, and the Pearson correlations between traits were obtained by means of the STATISTICA 5.5/PC statistical package (Statsoft Inc., USA). Owing to significant skewness of leptin, TESTO, and ESTR distributions, the data on biochemical markers were log-transformed to correct for non-normality prior to further analysis. A principal component analysis (PCA) was undertaken on each of the two categories of OB traits (ie SKF and CRC) to avoid the pitfall of multiple comparisons and redundancy of information. PCA entails a mathematical procedure that transforms a large number of correlated variables into a smaller number of uncorrelated variables called principal components (PCs). The original data, regardless of sex and age, were used in the PCA. Since the bilateral measurements of SKFs were espeRelationships between leptin, obesity and blood pressure G Livshits et al cially strongly correlated (r ¼ 0.91), corresponding values for each individual were averaged. Thus, eight initial SKF and nine CRC measurements were subjected to PCA. The eigen value 1 criterion was utilized to retain the components. The rationale for this criterion is straightforward. Any PC that displays an eigenable 41.0 is accounting for a greater amount of variance than was constrained by one original variable. The new composite variables, PC-SKF and PC-CRC, reflecting variation of SKFs and CRCs, respectively, were used in further analyses. To remove the effect of potential confounding factors, each of the dependent variables (leptin, PC-SKF, PC-CRC, and BP) were adjusted by using multiple regression analyses for the effects of sex, age, age-squared, and sex hormones. The regression procedure also took into account pedigree size and structure. 22 Data were next subjected to the following analyses: 1. Product-moment Pearson correlations were computed between each pair of OB and BP variables in men and women cohorts before and after adjustment of each variable for circulating leptin.
2. Corresponding pairwise correlations (before and after adjustment) were compared for homogeneity (equality) by t s -test. 23 3. To test the extent of familial and possible genetic influences on each variable, two mutually complimentary analyses were undertaken: (a) parent-offspring correlations were computed using the statistical package MAN5; 24 (b) The heritability (h 2 ) of each trait was calculated using standard variance components analysis. This analysis is based on a quantitative genetic theory, which defines that the variation of the phenotype (V Ph ) can be divided into genetic (V G ) and environmental (V E ) components. Heritability is a proportion of phenotypic variation attributable to putative genetic effects, that is, h 2 ¼ V G /V Ph . A more detailed description of the quantitative genetics theory and its application in analysis of human pedigrees is given in numerous previous publications. 25, 26 4. Assuming that the genetic factors influencing circulating leptin variation simultaneously affect variation of each of the OB and BP traits, and assuming that this is the primary source of genetic variation of all the above variables that have an additive genetic transmission from parent to offspring, offspring OB and BP measurements were adjusted for parental leptin levels. 27 This approach is based on a very simple idea, which assumes the existence of genetically determined trait X with two different phenotypic expressions, Y and Z, for example, X ¼ YUZ. Measurement of any of the traits Y or Z gives the estimate of X. Therefore, adjustment for Y is equivalent to adjustment for Z, and vice versa. Familial effects were then evaluated again as described in item 3. If the above assumptions are correct, one can expect that the corresponding familial correlations and h 2 estimates will become nonsignificant (virtually zero) or will significantly decrease in magnitude.
Results
Descriptive statistics and sex differences Table 1 provides the basic descriptive statistics of the anthropometrical variables, and BP and leptin levels according to sex of the participants. The data for leptin are presented before log-transformation and in the original units. The span of variation of all the variables in the present research was within the range of normal variation for each sex. The plasma leptin concentration in the entire sample ranged from 0.67 to 55.6 ng/ml. The mean leptin concentration was highly significantly greater (Mann-Whitney U-test, Po0.001) in women than in men. However, there were no significant differences in leptin levels between preand post-menopausal women in this sample (P40.20). The distributions of leptin in both men and women showed statistically significant skewness, and were consequently subjected to logarithmic transformation. With just of a few exceptions, all studied variable showed significant correlations with age (Table 1 ). Significant (Pr0.01-0.001) linear correlations were revealed between age and stature, weight, each OB and BP measurements in the sample of women, and between age and stature, CHE-SKF, MMI-CRC, HIP-SKF, and BP in men. The correlations between circulating leptin and age were small, explaining only 3% of leptin variation in female subjects, but still statistically significant (Po0.05). Relationships between leptin, obesity and blood pressure G Livshits et al However, in the majority of cases, both age and age 2 terms were significant, and therefore R 2 is presented in Table 1 .
Since SKFs and CRCs showed very strong and highly significant correlations with each other (the range of correspondence was 0.83-0.95), the PCA has been performed (Materials and methods) prior to further analysis. Table 2 shows the results of the PCAs of two arrays of variables: body CRCs and SKF measurements. For each array of measurements, a single principal component, with eigenvalue Z1.0, was retained. As seen, for all variables in each set of traits, factor loadings were high and of comparable magnitude. They ranged between 0.77 (THI-CRC) and 0.93 (UPP-CRC) for CRCs, and between 0.92 (CLF-SKF) and 0.94 (HIP-SKF) for SKFs. The extracted components explained some 72.6 and 86.9% of the total variation in both sets of traits correspondingly. Thus, the variation of different CRC and SKF variables was well and almost equally accounted by in the corresponding principal components (PC-CRC and PC-SKF).
Correlations between plasma leptin concentrations and OB measures and BP are shown in Table 3 . All correlations were highly statistically significant in both sexes. Correlations were particularly strong between leptin levels and OB traits, ranging between 0.70 (PC-CRC in men) and 0.78 (PC-SKF in women). The correlations with BP were more moderate, with values from 0.18 to 0.30. Figures 1 and 2 demonstrate pairwise correlation coefficients between the OB traits, and between OB and BP in men and women cohorts. The correlations were first computed after adjustment for age effects and then after adjustment for leptin levels. As seen in Figure 1 , all correlations between the OB variables were of very substantial magnitude prior to adjustment for leptin and ranged between 0.805 (Po0.001) PC-SKF/PC-CRC and 0.935 (Po0.001) BMI/PC-CRC in men, suggesting a strong common nature of all OB traits. Adjusting of each variable for leptin led to a consistent and statistically significant reduction of all the correlations (Po0.05-0.01, accompanying the t s tests). However, the residual correlations still remained substantial (eg from 0.57 for PC-CRC/PC-SKF to 0.87 for BMI/PC-CRC in men, and from 0.62 to 0.83 for the same pairs of traits in women) and were all statistically significant, Po0.01-0.001 (Figure 1) .
Intercorrelations between OB and BP traits
A similar pattern was also observed in correlations between OB and BP. Although the 'original' correlations were not as high as correlations between OB traits, they were all statistically significant (Po0.01) (Figure 2 ). The highest correlations were observed between SBP and BMI (0.329 and 0.365 for men and women, respectively). After adjustment for leptin, the magnitude of all correlations clearly decreased. Many of these correlations became statistically nonsignificant; for example, the correlations between DBP and all OB variables were no longer significant for both men and women after adjustment for leptin. The strength of the association between SBP and OB also became weaker in both sexes although in men, the pairwise difference between the correlations prior to and after adjustment for leptin did not reach statistically significant levels. While the SBP and OB correlations remained significant in men after adjustment for leptin levels, in women, only the association between BMI and SBP remained significant (Figure 2 ).
Familial correlations
At the last stage of analysis, we examined the extent of the effect of familial factors on variation of each of the studied variables, and estimated the possible Relationships between leptin, obesity and blood pressure G Livshits et al pleiotropic genetic effect of leptin on BP and OB traits. Table 4 provides parent-offspring correlations for each of the traits and corresponding maximum likelihood estimates of the heritability as obtained using variance components analysis. Putative familial (genetic) effects were statistically Figure 1 Correlations between the BMI and other obesity characteristics (before and after adjustment for leptin). *Po0.001; S, significant, NS, not significant difference between the correlation coefficients before and after adjustment for leptin. Figure 2 Correlations between the blood pressure and obesity characteristics (before and after adjustment for leptin). NS corresponds to *Po0.05, **Po0.01, ***Po0.001; S, significant, NS, not significant difference between the correlation coefficients before and after adjustment for leptin. Relationships between leptin, obesity and blood pressure G Livshits et al value was of the same magnitude as for the other OB variables.
To ascertain whether there was a common (pleiotropic) genetic control of leptin and other variables, the values of each of OB and BP traits in offspring were adjusted for leptin values in parents. Parent-offspring correlations and heritability estimates were again computed (Table 4 , lower part). The results for all variables, but DBP, were logical and consistent. All familial effects were gone, and h 2 estimates became virtually zero. This finding clearly suggests that genetic variation of BMI, SKFs, and even body CRCs, as well as of SBP is due to genetic factors influencing leptin variation. Genetic variation of DBP in the present sample, however, shared very little with variation in parental leptin levels. Thus, adjustment for leptin attenuated significantly the familial association between the anthropometrical traits of OB and between those traits and SBP.
Discussion
In our population, the plasma leptin concentrations were higher in the women than in the men cohort and the circulating levels strongly correlated with levels of BMI, SKFs, and CRCs (Table 2 ). The magnitude of these correlations ranged between 0.69 and 0.78, (Po0.001), suggesting the possibility of a common genetic and/or environmental determination of all OB traits. Adjusting of each variable for leptin level led to statistically significant reductions of all correlations; however, the residual correlations remained high and significant even after controlling for leptin. These findings are consistent with previous population-based studies. [10] [11] [12] [13] [28] [29] [30] In the study by Hu et al, 30 for example, very substantial correlations between leptin and several OB indices in a rural Chinese population were reported. In that study, the magnitude of correlations between leptin and body CRCs varied between 0.41 and 0.51, but were even higher (0.53-0.56) for SKF thickness. Ruhl et al 10 also showed that leptin concentrations were strongly correlated with various anthropometric measures of body fat in women and men, both in the univariate analyses and when age and ethnicity were controlled. These correlations explained most of the variance in leptin concentrations, reaching B69 and B67% in women and in men respectively. Our findings on the significant correlations between leptin circulating concentrations and SBP (Table 3) were also in good agreement with observations in other populations. [15] [16] [17] [18] 30 Interestingly, Chu et al 15 observed that correlations between leptin and BP were especially high in school age children. In that study, the correlations with SBP and DBP in boys reached 0.544 and 0.457, respectively, after adjustment for age and some environmental factors (eg smoking and puberty status). They were somewhat lower, but still highly significant in girls. Yet, after adjustment for BMI, the above correlations decreased and became nonsignificant (P40.05). Guagnano et al 16 observed, however, that despite the significant association between leptin levels and BMI in their sample, the former showed a significant independent correlation to 24-h BPs in normotensive women with android-type fat distribution. This observation corresponds to data reported in the present sample of women ( Figure 2 ). Such a three-way relationship between SBP, OB, and leptin may suggest that the well-known association between hypertension and OB may be due to adipocyte-derived metabolically active molecules. It is possible that leptin may influence cardiovascular function through its effects on the central nervous system, where binding sites for leptin have been found. 31 However, Frunbeck 32 suggested that leptin may have a balanced effect on BP, with a central stimulatory effect through sympathetic activation and a local depressor effect on nitric oxide. Indeed, it is possible that there is a direct link between leptin and cardiovascular functions, as leptin receptors were recently identified in mice myocardium.
33 And yet, the real situation may even be more complex.
One of the fundamental questions that arises in this connection is the extent (if any) of the possible common genetic regulation of BP, OB, and circulating leptin variation. Several recent studies consistently suggested substantial pleiotropic genetic effects on circulating leptin and BMI. 12, 13, 34, 35 Some of these studies estimated that BMI genetic variation is virtually indistinguishable from the genetic effects on leptin (eg 13 ), while others suggest the existence of both common and variable-specific genetic effects. 12, 34, 35 Moreover, it has been reported that one of the genetic polymorphisms strongly influencing genetic variation of BMI is reliably linked to a chromosomal area 7q33, very near to the location for the leptin gene. 36 Our present results confirm the conclusions with respect to genetic correlation between leptin and BMI. Moreover, familial resemblance of all other anthropometric indices of obesity, namely PC-SKF and PC-CRC, in this study was also fully explained in leptin genetic variation. Furthermore, the latter was clearly the factor influencing additive genetic variation of SBP. The univariate heritability estimates for SBP, after adjustment for covariates was quite substantial (0.5170.12) and statistically highly significant (Po0.001). This finding, as well as the heritability estimate for leptin (0.4670.11) was in good agreement with the corresponding estimates obtained in various other samples. 12, 34, 35, 37, 38 However, once we adjusted SBP in offspring for circulating leptin levels in parents, both parent-offspring correlation and h 2 estimates became not significantly different from zero. Thus, our findings propose that genetic variation in BMI, SKFs, and even body CRCs, as well as of SBP is due to genetic variation of leptin. However, the genetic influence on DBP variation in our sample was not found to be due to shared genetic effects of leptin levels. The lack of genetic correlation between DBP and leptin is puzzling, in particular because we previously found such a correlation between DBP and BMI, and DBP and some SKFs. 39 It is difficult to provide a convincing explanation for the observed discrepancy. The present study
Relationships between leptin, obesity and blood pressure G Livshits et al used only a relatively small sample for the family-based analysis and this is likely one of the reasons for the lack of genetic correlation between DBP and leptin. Further studies in larger and different samples are needed. In summary, we found that the relationship between adiposity and BP is obviously modified by leptin concentration levels. Body fat stores, per se, appeared to have much smaller impact on BP variation after adjustment for leptin. Our data suggest that familial resemblance for OB and SBP (but not DBP) in apparently healthy individuals is mostly due to genetic variation of circulating leptin levels. A new direction for pathophysiologic research is suggested by our posited causal model to further address the link between OB and BP.
